Introduction. Anomalous cord insertion is associated with increased risk of adverse maternal and perinatal outcome. Our aim was to study whether anomalous cord insertion is associated with prelabor rupture of membranes (PROM), preterm PROM (pPROM), long or short umbilical cord, and time trend of spontaneous preterm birth (SPTB) and anomalous cord insertion. Material and methods. A population-based register study using data from the Medical Birth Register of Norway including all singleton births (gestational age >16 weeks and <45 weeks) during 1999-2013 (n = 860 465) to calculate odds ratios (ORs) for PROM, pPROM, SPTB, and cord length (>95th or <5th centile) according to the cord insertion site by logistic regression with adjustment for possible confounders. We also assessed time trends of SPTB and anomalous cord insertion. Results. Velamentous insertion of the cord was associated with an increased risk of PROM (OR 1.6, 95% CI 1.5-1.7), pPROM (OR 2.7, 95% CI 2.4-3.0), SPTB (OR 2.0, 95% CI 1.9-2.2), and a short cord (OR 1.7, 95% CI 1.5-1.8). Marginal insertion was to a lesser extent associated with these complications. Occurrences of SPTB and anomalous insertion declined. The decline in SPTB persisted after including an interaction term between anomalous insertion and time. Conclusions. Velamentous and, to a lesser extent, marginal cord insertions were associated with increased risk of PROM, pPROM, SPTB, and short cord. This suggests a common pathogenesis behind altered function of the membranes, cord, and placenta. The decline in SPTB could not be explained by the reduction in the occurrence of anomalous cord insertion.
Introduction
The placenta, membranes and umbilical cord constitute essential elements for normal development of pregnancy. Altered development of any of these constituents may result in adverse outcome for the fetus and the mother (1) (2) (3) (4) (5) . In pregnancies with anomalous cord insertion [velamentous (VCI) or marginal (MCI)] the risks of preeclampsia, abruption of the placenta, placenta previa, fetal growth restriction, preterm birth and fetal death are increased, as well as the risk of maternal complications in the third stage of labor (3, 4) .
Preterm birth is the leading cause of neonatal mortality and morbidity (6) . Preterm prelabor rupture of membranes (pPROM) is reported to occur in 30-40% of spontaneous preterm births (7) , whereas PROM (prelabor rupture of the membranes at term) occurs in approximately 8% of term pregnancies (8) . Women with PROM are often hospitalized and induced to minimize the risk (9) and pregnancies with pPROM carry a significant risk of perinatal morbidity and mortality (10) . Several risk factors for pPROM have been identified: infection of the genitourinary tract, prior preterm birth, cerclage placement, bleeding, maternal diabetes, cigarette smoking, and Black race (11, 12) . Both maternal and fetal genetic factors may influence the development of a pathologic placenta-cord-membrane unit (13, 14) . An increased risk of occurrence and recurrence in relatives of those with preterm birth (15) , anomalous cord insertion (2), placental abruption (16) and preeclampsia (17) suggests maternal genetic and/or persisting environmental factors contribute (18) . Studies of single nucleotide polymorphisms (SNPs) of pathways involved in the pathogenesis of pPROM have revealed the involvement of maternal DNA variants of a gene involved in extracellular matrix metabolism (19, 20) . A study of SNPs involved in the pathway to spontaneous preterm birth suggests that pPROM is distinguished from spontaneous preterm birth without pPROM, and identified candidate genes for further study (20) .
Sterile intra-amniotic inflammation (caused by oxidative stress) or microbial invasion of the amniotic sac has each been detected in up to one-third of pregnancies complicated by pPROM, but this proportion differs with setting (21, 22) . Nonetheless, the pathogenesis of pPROM and PROM is not completely understood, and whether anomalous cord insertion is associated with PROM and pPROM has not been studied.
There has been a decline in spontaneous (and indicated) preterm births in different ethnic groups in the USA in the last decade (23) , but the factors driving this decline are poorly understood. The umbilical cord, which is a direct extension of the fetal cardiovascular system, has been under-studied, although an excessive long or short umbilical cord is shown to be associated with increased risk of adverse outcome (5, 24) .
The objectives of this study were to assess the risk of PROM and pPROM, spontaneous preterm birth, and short or long cord according to the cord insertion site in the Norwegian birth population. We also explored time trends of anomalous cord insertion, pPROM, and spontaneous preterm birth, and whether the effect of the cord insertion site on these outcomes was altered by time.
Material and methods
A population-based register study was performed of all singleton births in Norway with gestational age >16 weeks and <45 weeks during 1999-2013 (n = 860 465) using data from the Medical Birth Register of Norway (MBRN). Registration in the MBRN is compulsory.
The attending midwife or physician performed the examinations of the neonate, placenta, membranes and cord, and entered the requested information on a registration form shortly after delivery. The umbilical cord typically inserts near or at the center of the placental tissue, but the cord insertion site may vary and is classified as central (near the center), marginal (within 3 cm from the placental edge) or velamentous. When the umbilical vessels are inserted into and run within the free amniotic membranes before entering the placenta the insertion is velamentous (25) . Information regarding the cord insertion on the placenta has been specified in the registration form since 1999 using tick boxes labeled "normal," "marginal" or "velamentous." The length of the umbilical cord was measured in centimeters. For the purpose of constructing empirical centiles for the population, cord lengths from 1 to 290 cm were included (n = 797 795).
The presence of PROM was defined as rupture of the membranes >24 h before birth, and was noted (yes/no). The attending midwife or physician clinically estimated the amount of amniotic fluid (poly-or oligohydramnios). Bleeding during pregnancy was also noted (yes/no). Pregnancies conceived by assisted reproductive technology (ART) were noted in the register on a voluntary basis from 1988 and on a compulsory basis since 2001. Gestational age was based on ultrasound dating in the first half of pregnancy when available (in 97.0% of cases) or on the mother's last menstrual period. Birth before gestational week 37 was defined as preterm and PROM before gestational week 37 as preterm PROM (pPROM). Parity was defined as the number of previous deliveries. From 2006, maternal weight and height from the pregnancy journal was included in the register, and body mass index was available for 37% of the pregnancies from 2006 (n = 174 483 of a possible 470 589). All neonates were examined by a physician who recorded any malformation at birth or at the neonatal care unit. Severe malformations were defined by specific Q diagnoses in the International Classification of Diseases (10th revision) system (see Appendix S1).
Main outcome measures were PROM, pPROM, spontaneous preterm birth (and spontaneous preterm birth without pPROM), and short or long cord (<5th and >95th centile, respectively). Variables were included in the model according to their potential influence on the risk estimates: parity, maternal age, conception by ART, neonatal gender, cigarette smoking, maternal pre-gestational diabetes, maternal body mass index (BMI) on first visit, hypertensive pregnancy complications, severe fetal anomalies, birthweight, placental weight, presence of poly-or oligohydramnios, and bleeding in pregnancy. To study time trend we categorized the study period in fiveyear intervals (1999-2003, 2004-2008, and 2009-2013) .
The Regional Committee for Medical and Health Research Ethics West approved the study protocol (approval no. REC West 2011/949) and waived the need for written informed consent from the participants due to the data being analyzed anonymously.
Statistical analyses
Odds ratios (ORs) with 95% confidence intervals (CIs) for the presence of pPROM, PROM, short or long cord, and spontaneous preterm birth were estimated for velamentous and marginal cord insertions using logistic regression analyses, with adjustment for maternal age and parity, smoking, maternal medical conditions, gender, and more factors when appropriate, as specified below.
Since the regression analyses included two or more births from the same woman, multilevel regression analysis was used. To assess the risk of outcomes that are strongly influenced by gestational age, we performed stratified analyses for term and preterm birth. To assess whether the effect of anomalous cord insertion on SPTB changed with time, we included an interaction with time. Gestational age-, gender-, and parity-specific 5th and 95th centile cutoffs were used for umbilical cord length. SPSS for Windows version 23 (IBM Corp., Armonk, NY, USA) was used for the statistical analyses.
Results
In our population of singletons (total n = 860 465) 5.9% of the births were preterm and 3.2% were spontaneous preterm births, 0.9% (n = 7370) had pPROM, and 5.5% (47 323) had PROM. The maternal and pregnancy characteristics for pregnancies with velamentous and marginal cord insertion and for the total population (Table 1) show a pattern of higher occurrence of risk factors (higher maternal age, nulliparity, daily smoking, high BMI) for the velamentous than for the marginal group or the total population.
Both velamentous and marginal cord insertions were associated with an increased risk of spontaneous preterm birth, both with and without pPROM ( Table 2 ). The associations were stronger for velamentous than for marginal cord insertion (Table 2) ; velamentous insertion carried a 60% increased risk of PROM, and almost tripled the risk of pPROM. Including bleeding during pregnancy, maternal diabetes mellitus, BMI and smoking in the beginning of pregnancy, preeclampsia, fetal gender, conception by ART and malformations as covariates in the regression model only slightly reduced the effect (Table 2) , whereas including the presence of polyhydramnios did not significantly influence the results. A larger proportion of pregnancies with velamentous than marginal cord insertion resulted in an early preterm birth ( Figure 1 ). The occurrence of preterm birth decreased slightly over the study period (Table 3) , and the observed decline was significant between all three time periods (Table 3 ). The risk of spontaneous preterm birth without pPROM was similarly reduced by time period, whereas the occurrence of pPROM increased slightly over the study period (Table 3) . There was also a reduction in the occurrence of velamentous and marginal cord insertion. We tested whether the decline in spontaneous preterm birth without pPROM could be explained by the reduction of occurrence of anomalous cord insertion. Adding velamentous or marginal cord insertion and an interaction term between anomalous insertion and period to a model with period only, the decline in spontaneous preterm birth over the study period persisted. This suggests that the decline (in number of spontaneous preterm births in Norway) is not explained by the decline in the occurrence of anomalous cord insertion.
Pregnancies with female fetuses had lower risk than male fetuses for preterm birth (OR 0.90, 95% CI 0.89-0.92). This was also the case for spontaneous preterm birth, both with and without pPROM (OR 0.88, 95% CI 0.86-0.91, and OR 0.89, 95% CI 0.86-0.91, respectively). Pregnancies with female fetuses also exhibited a lower risk of PROM (OR 0.95, 95% CI 0.93-0.97). However, velamentous cord insertion occurs more often in female pregnancies (Table 1) . In our population, female pregnancies had a lower risk of polyhydramnios (OR 0.84, 95% CI 0.81-0.88), but there was no difference in the risk for oligohydramnios between female and male pregnancies. There was an increased occurrence of short umbilical cord (<5th centile) in pregnancies with anomalous cord insertion (Table 4) . Including low birthweight (<5th centile) or low placental weight (<5th centile) and major malformations as variables in the model had almost no effect on the risk estimates. The risk of a short cord was further increased in preterm births (OR 2.1, 95% CI 1.70-2.52), whereas in term births OR was 1.60 (95% CI 1.48-1.73). Anomalous cord insertion was associated with oligohydramnios (Table 4) . Unexpectedly, velamentous (but not marginal) cord insertion was also associated with increased risk of polyhydramnios (Table 4) in both term and preterm births (OR 1.80 (95% CI 1.55-2.09, and OR 1.49, 95% CI 1.08-2.06, respectively). The findings were not changed by including fetal gender in the model.
Discussion
Anomalous and especially velamentous cord insertion increases the risk of spontaneous preterm birth with and without pPROM. The risk of PROM and for developing a short cord is also increased in these pregnancies. The consistency of the results showing that the risk of pPROM, PROM, and spontaneous preterm birth (with and without pPROM), and a short cord was higher for velamentous than marginal cord insertion (in a dose-response pattern) strengthens the biological plausibility of the association. However, the declining trend of spontaneous preterm birth with and without pPROM was not explained by the lower occurrence of anomalous cord insertion.
The strengths of our study are that it was populationbased and its comprehensive size was sufficient for studying uncommon presentations and outcomes. The data entered in the MBRN allows possible confounders to be adjusted for; a limitation, however, is that only adjustments for variables that are available in the register are possible.
Although the definition of marginal insertion in midwifery textbooks is uniform (within 3 cm from the placental edge), a clear definition of this entity was lacking in former editions of the guide to the MBRN registration form. However, in the newer editions of this guide a definition of marginal insertion is within 3 cm from the placental edge. Also, the uncertainty in the estimated amount of amniotic fluid limits the ability to interpret the results of the study of oligo-/polyhydramnios and there is a risk of misclassifications in register studies. However, if the probability of misclassification is random and independent of exposure status, the effect is expected to be biased toward the null value. For example, verification of oligo-/polyhydramnios by ultrasound examination was not compulsory in the register and the small or absent effects of adjustment by oligo-/ polyhydramnios may be attributable to misclassification and must therefore be interpreted with caution. A possible source of bias is that it may be more difficult to measure the length of anomalous inserted cords and that this will imply more errors of the measured cord length in these births. Measurements of cord length are liable to random errors; however, we expect that such errors would dilute rather than strengthen any observed association.
The procedure to diagnose PROM and pPROM may differ between hospitals; however, we do not have reason to believe this will influence the results of the present study. Several variables in the register have been validated, and previous studies suggest that it has satisfactory internal validity (26) (27) (28) .
The findings of the present study that pregnancies with anomalous cord insertion have an increased risk not only for spontaneous preterm birth, but also for PROM and pPROM, have opened the possibility of other as-yetunknown mechanisms and associations, and suggest that the altered development of the placenta, cord and membranes have a common etiology. The pathogenesis of pPROM and PROM is poorly understood, with multiple etiologies having been proposed. Recent research suggests that both genetic and epigenetic mechanisms are involved in the development of pPROM (19, 20) . In our population, 11% of the cases with pPROM had anomalous cord insertion (3.9% had velamentous and 7.1% had marginal insertion). Adjusting for polyhydramnios in the regression model had no effect on the risk estimates for pPROM. In our population the occurrence of PROM and pPROM was similar to those reported in other studies (Table 2 ) (8) .
Velamentous cord insertion is seen more often in pregnancies with female fetuses (2) , and in the present study we used gender-specific centiles in the analyses. Female fetuses have shorter umbilical cords than male fetuses (5), and in our population a lower risk of polyhydramnios. The question of whether the gender difference in cord length may be explained by more amniotic fluid in male pregnancies cannot be answered by the present study.
Animal studies of the umbilical cord suggest that the length of the cord is determined by tensile forces with short cords being associated with inactivity (29) . Whether anomalous cord insertion restricts fetal activity compared with normal cord insertion is not known. We have previously shown that velamentous cord insertion is associated with an increased risk of severe fetal malformations (2). The present study has shown that velamentous insertion also carries the risk of developing a short cord, and including severe malformations (yes/no) as a covariate in the model did not alter the result.
There is a lack of knowledge of the placental-membrane and cord pathophysiology in pregnancies with anomalous cord insertion. The finding of an increased incidence of pPROM, PROM, spontaneous preterm birth and short cord in pregnancies with anomalous cord insertion is consistent with the hypothesis that a common underlying biological mechanism leads to the anomalous development and function of the placenta, cord, and membranes. A study of candidate genes for preterm birth or PROM/pPROM in a population with anomalous cord insertion may shed light on the presence of shared pathophysiologic mechanisms. Similarly, no proteomic biomarkers for preterm birth or pPROM have been successfully identified (30) , but it has been suggested that the search for unique biomarkers may be successful if performed on clearly identified subgroups of women, such as pregnancies with anomalous cord insertion (30) .
Since it is possible to identify the cord insertion site using ultrasound prenatally, and this is recommended whenever possible in clinical guidelines (31), anomalous and especially velamentous cord insertion may be used as a marker for women at risk for pPROM, PROM and spontaneous preterm birth. Furthermore, it should be possible to include cord insertion site diagnosed in early pregnancy in algorithms that calculate patient-specific risk of preterm birth, making prophylactic and therapeutic strategies possible.
To conclude, anomalous cord insertion was associated with a doubled risk of PROM and spontaneous preterm birth, and almost tripled risk of pPROM. The development of anomalous cord insertion and short cord length seem to have a common pathophysiology. The trend of spontaneous preterm birth and anomalous cord insertion is declining, whereas a slight increase of occurrence of pPROM was observed during the study period.
